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Key Points:13
• Age-heterogeneity within sediment layers adds hidden uncertainty to radiocarbon-14
based age estimates.15
• The amount of age-heterogeneity depends on the sedimentation rate and biotur-16
bation mixing depth.17
• We present a method to estimate 14C age-heterogeneity and lookup figure to es-18
timate age uncertainty.19
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Abstract20
Marine sedimentary records are a key archive when reconstructing past climate;21
however, mixing at the seabed (bioturbation) can strongly influence climate records, es-22
pecially when sedimentation rates are low. By commingling the climate signal from dif-23
ferent time periods, bioturbation both smooths climate records, by damping fast climate24
variations, and creates noise when measurements are made on samples containing small25
numbers of individual proxy carriers, such as foraminifera. Bioturbation also influences26
radiocarbon-based age-depth models, as sample ages may not represent the true ages of27
the sediment layers from which they were picked. While these effects were first described28
several decades ago, the advent of ultra-small-sample 14C dating now allows samples con-29
taining very small numbers of foraminifera to be measured, thus enabling us to directly30
measure the age-heterogeneity of sediment for the first time. Here, we use radiocarbon31
dates measured on replicated samples of 3-30 foraminifera to estimate age-heterogeneity32
for five marine sediment cores with sedimentation rates ranging from 2-30 cm kyr−1. From33
their age-heterogeneities and sedimentation rates we infer mixing depths of 10-20 cm for34
our core sites. Our results show that when accounting for age-heterogeneity, the true er-35
ror of radiocarbon dating can be several times larger than the reported measurement.36
We present estimates of this uncertainty as a function of sedimentation rate and the num-37
ber of individuals per radiocarbon date. A better understanding of this uncertainty will38
help us to optimise radiocarbon measurements, construct age models with appropriate39
uncertainties and better interpret marine paleo records.40
1 Introduction41
Proxy records recovered from sediments are an important source of information about42
the history of the Earth’s climate prior to the instrumental era. For example, the ratio43
of magnesium to calcium (Mg/Ca) in the shells of marine organisms such as foraminifera44
contains information about the temperature of the environment in which calcification45
took place (Nürnberg et al., 1996; Lea, 2014; Rosenthal et al., 2000). These shells set-46
tle to the sediment surface and are buried as further sediment accumulates. Over time47
this produces an archive of recorded (proxy) temperatures that can be read in sequence48
by taking a sediment core and measuring the Mg/Ca ratio of shells found at progressively49
deeper, and therefore older, positions in the core.50
To obtain a down-core proxy record, samples of foraminiferal shells (hereafter foraminifera)51
are picked from a series of sediment slices or down-core samples. Assuming, for exam-52
ple, that these slices are 1 cm thick and come from a core location with a constant sed-53
imentation rate of 5 cm kyr−1, foraminifera from a single slice would have a uniform dis-54
tribution of ages with a width of 200 years, with a corresponding standard deviation (SD)55
of 58 years. However, wherever oxygenated, the surface layer of marine and freshwater56
sediments is mixed or bioturbated by the burrowing and feeding actions of benthic or-57
ganisms, thus increasing the age-heterogeneity of material at a given depth (Guinasso58
& Schink, 1975; Boudreau, 1998). For simple models of sediment mixing, the standard59
deviation of ages at a given depth is simply the ratio of the mixed depth L and the sed-60
iment accumulation rate s (Guinasso & Schink, 1975). For a core with a 5 cm kyr−1 sed-61
imentation rate and 10 cm bioturbation depth, L/s = 2000 years, and therefore bio-62
turbation greatly increases the expected age-heterogeneity of a sediment slice from 5863
to approximately 2000 years.64
The additional age-heterogeneity created by bioturbation has important implica-65
tions for sedimentary proxy records. Proxies measured on samples containing multiple66
individual signal carriers (e.g. foraminifera) will represent means over the time periods67
that have been mixed together. This has a smoothing or filtering effect on any signal,68
so that the observed amplitude of climate variations is reduced (Anderson, 2001). In ad-69
dition to this smoothing effect, if proxies are measured on samples containing only a small70
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number of individual signal carriers, the resulting values will be noisy means of the cli-71
mate state over the time interval that has been mixed together (Schiffelbein & Hills, 1984;72
Kunz et al., 2020; Dolman et al., 2020). It would therefore be very useful to have an es-73
timate of the degree of age-heterogeneity when interpreting proxy climate records.74
Radiocarbon dating is the principle method used to estimate the age of sediment75
material younger than about 50 ka BP. The age inferred from the measured radiocar-76
bon content is an estimate of the mean age of the particles in a given sample, and sim-77
ilarly, the reported machine error represents uncertainty in the mean age of the specific78
sample. However, the particles in a given sample are themselves only a sub-sample of79
the material from a given depth, and there is therefore additional, hidden, uncertainty80
about how representative the sample is of the age of the rest of the material from the81
same depth. Traditionally, radiocarbon dating required large samples of material that82
would necessarily include 100s of individual foraminifera (typically the equivalent of 1-83
5 mg C). Therefore, although it would give no indication of the heterogeneity in the age84
of the material, a single radiocarbon date would be a good estimate of the mean age of85
material at a given depth. However, the advent of ultra-small sample radiocarbon dat-86
ing (Wacker et al., 2010) means that samples consisting of very small numbers of foraminifera87
can now be dated. With fewer individuals per sample, radiocarbon measurements be-88
come noisier estimates of the mean age of material at a given depth. However, by radio-89
carbon dating replicated samples of just a few individual foraminifera we can use this90
”noise” to estimate the age-heterogeneity of the sediment and to aid our interpretation91
of proxy climate records.92
As described above, assuming a simple sediment mixing model, age-heterogeneity93
can be estimated from the ratio of the mixing depth and sedimentation rate, L/s. How-94
ever, while the sedimentation rate for a given core can be readily determined using a se-95
ries of down-core radiocarbon dates, the mixing depth is harder to estimate. Direct mea-96
surements using particle tracers show that L is highly variable in space (8.37 +- 6.19 cm,97
Teal et al., 2010) and mixing intensity may be particle size dependent (Wheatcroft, 1992;98
Thomson et al., 1995). Short life-span tracers, such as 210Pb (half-life 26 years) may sim-99
ply miss sporadic mixing events that compound over time to produce the long-term mix-100
ing behaviour. Additionally, these direct estimates of mixing depth are rarely available101
at proxy record core sites and in any-case give an estimate of the current mixing depth102
and cannot inform us about mixing depths in the past when the sediment archive was103
formed. Mixing depth can also be inferred from the ”kink” in a series of down-core 14C104
measurements (e.g., Trauth et al., 1997), but this requires a large number of measure-105
ments in the first 0-20 cm of the sediment core, and for gravity and piston cores the up-106
per few centimetres are often lost during recovery. Although they integrate mixing over107
a longer time period than tracer experiments, kink based estimates also cannot tell us108
about mixing depths in the past.109
Here we propose and test a method to directly estimate the age-heterogeneity of110
sediment by radiocarbon dating replicated samples of small numbers (3-30) of foraminifera111
and using the age-variation between these samples to estimate inter-individual age-heterogeneity.112
From this we can further infer bioturbation depths in these cores at the time the dated113
material was deposited. The wider use of this method would allow for a more rigorous114
interpretation of proxy climate records by providing direct estimates of age-heterogeneity115
and its smoothing effect on a per-core basis. The hidden uncertainty in radiocarbon based116
age-control points can also be estimated, resulting in better age-depth models. With this117
knowledge we can also further optimise future drilling campaigns sampling strategies.118
We examine the necessary conditions to use this method and estimate correction factors119
for the bias due to the exponential relationship between radiocarbon activity and age.120
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2 Materials and Methods121
2.1 Physical Sampling and Radiocarbon Dating122
We used foraminifera picked from five sediment cores recovered that span a range123
of sediment accumulation rates (approximately 2-30 cm kyr−1). The sites were sampled124
as part of the SO184, SO213/2 and OR1-1218 cruises (Table 1, Figure 1) (Hebbeln &125
cruise participants, 2006; Tiedemann et al., 2014).126
Radiocarbon dating was performed on samples of single species of foraminifera picked127
from discrete 1 cm thick sediment slices. With the exception of one sample from GeoB128
10066-7, a single species was used from each core, either Globigerina bulloides (SO213-129
84-2, 250-400 µm size fraction) or Trilobatus sacculifer without sac-like final chamber130
(GeoB 10054-4, GeoB 10058-1, GeoB 10066-7, 250-400 µm size fraction; and OR1-1218-131
C2-BC, 300-355 µm or 315-355 µm ) (Table 2).132
To estimate sediment age-heterogeneity, replicated ”small-n” radiocarbon dates were133
measured on samples consisting of between three and thirty individual foraminifera, nf ,134
with multiple replicate samples taken from each sediment slice, nrep. We use the term135
”small-n” to refer specifically to samples consisting of a small number of discrete par-136
ticles, or individuals, rather than samples with a small mass of carbon, but which may137
contain parts from a great many individuals. Additional radiocarbon dating was per-138
formed on non-replicated ”bulk” samples consisting of larger numbers of foraminifera,139
to provide down-core age control points for estimating sediment accumulation rates. With140
the exception of the bulk samples from core SO213-84-2, all Accelerated Mass Spectrom-141
etry (AMS) 14C dates were generated using a Mini Carbon Dating System (MICADAS)142
at the Alfred Wegener Institute, Bremerhaven, Germany (Wacker et al., 2010). MICADAS’143
capability of analysing a gas target was used for small-n samples (Ruff et al., 2010), larger144
samples were measured using a graphite target. Radiocarbon dating of the bulk sam-145
ples from core SO213-84-2 was carried out at NOSAMS, Woods Hole Oceanographic In-146
stitution and Keck Carbon Cycle AMS Laboratory, University of California, Irvine.147
Radiocarbon dates were converted to calendar ages using the Marine13 calibration148
(Reimer et al., 2013) and the R package Bchron (Haslett & Parnell, 2008). The Marine13149
calibration includes a time-varying global marine reservoir effect. We did not adjust for150
local marine reservoir effects as this should not influence the variance in ages found in151
a given sediment slice. For each sample, the probability density function (PDF) for cal-152
endar age was summarised by its mean and standard deviation, as none of the PDFs were153
bi- or multi-modal.154
Sediment accumulation rates were estimated by linear regression of calibrated cal-155
endar age on depth. Bulk and small-n dates from the depth range 15-100 cm (10-37 cm156
for OR1-1218-C2-BC) were used so as to exclude the mixed layer and to estimate the157
sediment accumulation rate over the range of depths for which replicated 14C measure-158
ments were made. For replicated small-n dates, a mean date was first calculated for each159
depth. The multicore GeoB 10058-1 and gravity core GeoB 10054-4 were intended to be160
taken at the same site, but due to technical difficulties were in fact taken on subsequent161
days at locations 3 km apart (Hebbeln & cruise participants, 2006). However, their down-162
core radiocarbon data indicate very similar sedimentation rates (approximately 16 cm163
kyr−1) and we combined these to create a single more robust sedimentation rate esti-164
mate.165
2.2 Estimation of Age-Heterogeneity166
For each sediment slice, we calculated the variance between replicated calendar age167
estimates, σ2rep. From this we subtracted the mean measurement error reported by the168
MICADAS lab for samples from that slice, σ2meas. As the ages of the individuals are in-169
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Table 1. Sediment cores used in this study with their locations and the research cruise during
which the core was taken.
Core Cruise Latitude Longitude Water depth [m]
GeoB 10054-4 SO184 8◦40’54”S 112◦40’6”E 1076
GeoB 10066-7 SO184 9◦23’33.6”S 118◦34’31.8”E 1635
OR1-1218-C2-BC OR1-1218 10◦54’1.8”N 115◦18’27.6”E 2208
GeoB 10058-1 SO184 8◦40’S 112◦38’E 1103
SO213-84-2 SO213/2 45◦7’28.2”S 174◦35’11.4”E 992
Table 2. Summary of radiocarbon dating per core and depth. Sub-core or tube is indicated in
parentheses when appropriate. nf is the number of individual foraminifera per radiocarbon dated
sample, nrep is the number of replicated radiocarbon dated samples.
Core Core depth [cm] Species Size fraction [µm] nf nrep
GeoB 10054-4 28-29 T. sacculifer 250-400 50 1
GeoB 10054-4 48-49 T. sacculifer 250-400 50 1
GeoB 10054-4 68-69 T. sacculifer 250-400 10 10
GeoB 10054-4 88-89 T. sacculifer 250-400 50 1
GeoB 10058-1 11-12 T. sacculifer 250-400 5-6 20
GeoB 10058-1 17-18 T. sacculifer 250-400 110 1
GeoB 10058-1 20-21 T. sacculifer 250-400 110 1
GeoB 10058-1 23-24 T. sacculifer 250-400 110 1
GeoB 10058-1 26-27 T. sacculifer 250-400 110 1
GeoB 10058-1 29-30 T. sacculifer 250-400 5-6 20
GeoB 10066-7 23-24 T. sacculifer 250-400 50 1
GeoB 10066-7 48-49 T. sacculifer 250-400 49 1
GeoB 10066-7a 53-54 G. bulloides 250-400 10 10
GeoB 10066-7 98-99 T. sacculifer 250-400 53 1
OR1-1218-C2-BC (1) 36-37 T. sacculifer 315-355 5 10
OR1-1218-C2-BC (1) 36-37 T. sacculifer 300-355 30 1
OR1-1218-C2-BC (1) 36-37 T. sacculifer 315-355 200 3
OR1-1218-C2-BC (7,8,9) 10-12 T. sacculifer 315-355 200 6
SO213-84-2 (1) 1-2 G. bulloides 250-400 5-6 10
SO213-84-2 (1) 18-19 G. bulloides 250-400 >350 1
SO213-84-2 (1) 23-24 G. bulloides 250-400 5-6 10
SO213-84-2 (1) 23-24 G. bulloides 250-400 >350 1
SO213-84-2 (2) 17-18 G. bulloides 250-400 >350 1
SO213-84-2 (2) 20-21 G. bulloides 250-400 >350 1
SO213-84-2 (3) 17-18 G. bulloides 250-400 >350 1
SO213-84-2 (3) 21-22 G. bulloides 250-400 3 12
SO213-84-2 (3) 21-22 G. bulloides 250-400 5-6 10
SO213-84-2 (3) 21-22 G. bulloides 250-400 30 8
SO213-84-2 (3) 22-23 G. bulloides 250-400 >350 1
aG. bulloides were picked from a single slice from GeoB 10066-7
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Figure 1. Locations of cores used in this study. Additional data published in Lougheed et al.
(2018) from a core in the mid-Atlantic (29◦59’150 W, 37◦8’130 N) are included in the discussion
but the core location is outside the range of this map and not shown. GeoB 10054-4 and GeoB
10058-1 are a gravity core and multicore respectively, taken at sites approximately 3 km apart.
dependent, the variance between individuals, σ2ind, can be inferred as the variance be-170
tween replicates of size nf multiplied by nf .171
σ2ind = nf (σ
2
rep − σ2meas) (1)172
The inter-individual variance contains a component from the finite sediment width173
τslice (here 1 cm) and additional variation due to sediment mixing. We can estimate the174
variance due to the slice thickness using equation (2), where the 1/12 comes from the175
formula for the variance of a uniform distribution. After subtracting the variance due176
to the slice thickness we attribute the remaining excess variance to bioturbation, assum-177















ind − σ2slice (3)180
To interpret this value, we use the simple bioturbation model proposed by Berger181
and Heath (1968) to infer a mixing depth from σ2bioturbation. Assuming that the upper182
L centimetres of sediment are fully and instantaneously mixed but below this level there183
is no further mixing, and in which the sedimentation rate and flux of foraminifera is as-184
sumed to be constant (Berger & Heath, 1968; Matisoff, 1982; Officer & Lynch, 1983),185
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2.3 Bias Correction188
Due to the exponential relationship between age and radiocarbon activity, estimates189
of both mean age, and age-variance between multiple samples, are biased because younger190
individual particles contribute exponentially more to the mean 14C/12C ratio. When the191
underlying age distribution is exponential, and there are infinitely many particles in the192
sample, there is an analytical formula for the bias in the mean radiocarbon age (Andree,193
1987), however, we are not aware of a general solution for finite sample sizes. To address194
this we carried out a Monte-Carlo simulation study to investigate the properties of this195
bias and to obtain correction factors to adjust our measured age-heterogeneity estimates.196
We simulated the process of sampling foraminifera from discrete depths by sam-197
pling replicated sets of nf foraminifera from an exponential age distribution with a stan-198
dard deviation corresponding to a given combination of L and s. For the purpose of the199
simulation we ignored the difference between calendar and radiocarbon age and convert200
the age of each foraminifera to an F14C value with the expression F14C = e
age
−8033 . For201
each replicate of nf foraminifera we then calculated its mean age and mean F
14C value.202
Mean F14C values were then back-transformed to (radiocarbon) ages, ageF 14C . The stan-203
dard deviation between mean age and mean ageF 14C values were then calculated for the204
replicated groups. We repeated this process for a range of underlying age variances and205
for groups with differing number of foraminifera per F14C ”measurement”. The differ-206
ence between the standard deviation in age and standard deviation in ageF 14C repre-207
sents the expected bias in estimates of age-heterogeneity.208
To adjust for this underestimation of age-heterogeneity we calculated correction209
factors by which to multiply biased estimates of age-heterogeneity (Figure 2). These cor-210
rection factors likely represent an upper limit on the potential bias, as the bias depends211
on the shape of the underlying age distribution. If the true age-distribution differs from212
the assumed exponential, it is probably less skewed than an exponential and hence would213
produce a smaller bias. In the results we present both adjusted and un-adjusted age-heterogeneities214
and implied bioturbation depths. The simulation was written in R code and carried out215
with R version 3.6.2 (R Core Team, 2019). For more detail see Supporting Text S1 and216
Figure S1.217
3 Results218
3.1 Age-Heterogeneity in Core SO213-84-2219
We first examine radiocarbon dates from the multicore SO213-84-2, for which we220
made measurements on groups of 3, 6 and 30 individual foraminifera, all picked from a221
single depth of multicore tube 3 (21-22 cm). For samples of 30 individuals, calendar ages222
range from 7.50 to 9.93 ka BP, with a standard deviation (σrep) of 726 years, a value far223
greater than the reported measurement error of about 150 years. Variation in age be-224
tween samples is even greater for replicates of 6 foraminifera (range = 6.57 - 12.23 ka225
BP, σrep = 1514 years) and 3 foraminifera (range = 4.32 to 13.99 years BP, σrep = 2895226
years). Clearly, the calibrated calendar ages of these replicated samples do not agree with227
each other within their reported uncertainties and this excess variation decreases strongly228
with the number of foraminifera per measurement (Figure 3). Additional measurements229
on replicated samples of 5-6 individuals taken from multicore tube 1 at depths of 1-2 and230
23-24 cm have similarly large σrep values of 1187 and 1575 years.231
The relationship between σrep and the number of individuals per measurement very232
closely follows an inverse relationship (Figure 4). This is a strong indication that inter-233
individual age variation (σind) is the major component of the between sample variation234
and allows us to infer σind by scaling for the number of foraminifera per sample, after235
first subtracting the much smaller reported measurement error (Equation 1). Inferred236
age-heterogeneity between individuals, σind, from core SO213-84-2 ranges from 2854 to237
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Figure 2. Bias correction factors to correct for the underestimation of age-heterogeneity due
to the exponential relationship between radiocarbon activity and age.
4990 years (Table 3). Bias correction factors for SO213-84-2 estimated by simulation vary238
between 1.36 and 1.51, depending on the number of foraminifera per sample. Adjust-239
ing for the bias, the range of σ2indadj increases to 3881 - 6847 years. Also shown in Ta-240
ble 3 is the much smaller age-heterogeneity of approximately 100 years expected due to241
the 1 cm thickness of the slice and the 2.9 cm kyr−1 sedimentation rate. After subtract-242
ing this, and assuming a simple sediment mixing model (Berger & Heath, 1968), the ex-243
cess age-heterogeneity implies a mixing depth of 11.2 - 19.8 cm (8.3 - 14.4 before bias244
adjustment) (Equations 1-4, Table 3). Age-heterogeneity is somewhat lower for the sam-245
ples from 1-2 cm deep, which would be in the active mixing layer, than for the other deeper246
samples.247
3.2 Age-Heterogeneity Across Multiple Cores248
To test the generality of this result we performed similar replicated small-n radio-249
carbon measurements at 4 additional sites with sediment accumulation rates of approx-250
imately 2, 16 (2 sites), and 29 cm kyr−1. We again adjust the measured age-heterogeneity251
for bias assuming an exponential age distribution and present both adjusted and un-adjusted252
age-heterogeneities and bioturbation depths for comparison. To examine the relation-253
ship between age-heterogeneity and sedimentation rate across cores, we additionally present254
the inter-individual age-heterogeneity and implied bioturbation depth for core T86-10P255
from the North Atlantic using data published in Lougheed et al. (2018).256
Estimated age-heterogeneity is again much higher than the measurement error in257
most cases, with between replicate standard deviations of 287, 603 and 3208 years, com-258
pared to measurement errors of 153, 110, and 304 years (Table 3). The one exception259
is core GeoB 10066-7 for which σrep is only 172 years (+- 40 SE) compared to a mea-260
surement error of 185 years. While this could imply no mixing at all (L = 0 cm), because261
this core has a relatively high sedimentation rate of 29 cm kyr−1, and because the value262
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Figure 3. Replicated radiocarbon dates converted to calendar ages from a single 1 cm thick
sediment slice, taken at a depth of 21-22 cm, from core SO213-84-2. Each individual density plot
shows the probability density function of calendar age obtained by calibrating a radiocarbon age
measured on a sample consisting of 3, 5-6 or 30 individual foraminifera (14C age +- 1 SD) with
the Marine13 calibration curve (Reimer et al., 2013). No local adjustment was made to the global
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Figure 4. Standard deviation in age between radiocarbon dated samples from core SO213-
84-2 as a function of the number of foraminifera they contain. The dashed red lines show extrap-
olation back to samples of single individual foraminifera assuming the theoretical proportional
relationship between standard deviation and the square root of sample size. The samples came
from two different multicore tubes of the same deployment.
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Table 4. Sediment accumulation rate s (cm kyr−1) and estimated bioturbation depth L (cm)
at 4 sites measured in this study, plus one (T86-10P) previously published by Lougheed et al.
(2018). SEs is the standard error of the estimate of s, Ladj is the inferred bioturbation depth
adjusted for the bias due to the exponential relationship between age and radiocarbon content.
Core/Site s SEs L Ladj
GeoB 10054-4/58-1 16.3 1.8 16.3 17.7
GeoB 10066-7 28.9 2.4 15.2 16.0
OR1-1218-C2-BC 1.7 0.1 12.2 20.2
SO213-84-2 2.9 0.7 11.1 15.5
T86-10P 2.2 .. 10.8 10.8
of σmeas is itself an estimate with its own uncertainty, it is also consistent with mixing263
of several centimetres. For example, assuming a 15 cm bioturbation depth and given the264
10 foraminifera per sample, the expected σrep would be just 164 years. To provide an265
upper estimate on the inter-individual age-variance and bioturbation depth for this core,266
we subtract only the error due to the binomial counting statistics for 14C/12C (45 years),267
essentially assigning all additional error to age-heterogeneity. Additionally, several sam-268
ples taken from GeoB 10058-1 at 11.5 cm deep could not be calibrated with Marine13269
as they were younger than the minimum 448 radiocarbon years that can be calibrated270
with Marine13, including some with negative radiocarbon dates indicating the presence271
of modern material down to at least 11-12 cm.272
Across all analysed cores we found a strong negative relationship between sedimen-273
tation rate s and inter-individual age-heterogeneity, a clear indication that sediment mix-274
ing influences age-heterogeneity. Due to this negative relationship, the implied biotur-275
bation depths for all sets of replicated samples fall within a relatively narrow range of276
11.2 - 23.8 cm (Figure 5, Table 3). At the site level, after combining estimates for the277
same core taken from different depth layers, and combining GeoB 10054-4 and GeoB 10058-278
1 which come from two sites less than 3 km apart, implied bioturbation depths for the279
individual sites range from 15.5 - 20.2 cm (Table 4). For core T86-10P, Lougheed et al.280
(2018) report a mixing depth of 10.8 cm.281
The relationship between s and σind is only slightly altered by the bias adjustment,282
which is small compared to other sources of variation in age-heterogeneity. Adjustment283
is largest for core OR1-1218-C2-BC, for which the simulation study indicated a factor284
of 1.66, and which has the lowest sedimentation rate and highest estimates of individ-285
ual age-heterogeneity. The adjustment shifts the implied bioturbation depth from 12.4286
to 20.2 cm.287
4 Discussion288
We found variation in radiocarbon ages between replicated small-n samples of foraminifera289
that far exceeded the reported machine uncertainty at three of the four sites we exam-290
ined. Between-replicate age-variation was only within the machine uncertainty for core291
GeoB 10066-7, which has a comparatively high sedimentation rate of 29 cm kyr−1. Age-292
heterogeneity also far exceeds measurement error for a fifth core examined by Lougheed293
et al. (2018). This excess age-variation can be interpreted as within-sediment-layer het-294
erogeneity caused by bioturbation. Assuming the classical Berger and Heath (1968) mix-295
ing model, the implied mixing at the five sites is 11-20 cm. This is somewhat higher than296
the 10 cm often assumed as typical value in literature (Boudreau, 1998) and consider-297
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Figure 5. Inferred standard deviation in age between individuals σindadj plotted against
sediment accumulation rate s. Error bars indicate one standard error of the standard deviation
and sedimentation rate estimates. The dashed isolines indicate bioturbation depths L consis-
tent with a given sedimentation rate and σind. The grey arrows indicate σind prior to correcting
for the bias due to the exponential relationship between age and radiocarbon content. The bias
adjustment is much larger for cores with low sedimentation rates and high estimates of σage.
ably higher than the bioturbation assumed in the interpretation of most paleoclimate298
records.299
Age-heterogeneity of this magnitude has important implications for proxy records300
recovered from these cores. The climate signal is strongly smoothed by the mixing to-301
gether of time periods, reducing the inferred amplitude of climate variations (e.g., An-302
derson, 2001), but, if the proxy measurements are made on small numbers of foraminifera,303
records can also become noisier as the signal from different climate states is mixed to-304
gether. In extreme cases measurements can include both glacial and interglacial mate-305
rial. This noise is especially problematic when the variance itself is of interest, for ex-306
ample in individual foraminiferal analyses (Groeneveld et al., 2019; Wit et al., 2013; Koutavas307
& Joanides, 2012; Thirumalai et al., 2019, 2013). Estimates of age-heterogeneity from308
replicated small-n radiocarbon dates can be used to parametrise proxy forward models309
to quantitatively assess this smoothing and noise generation (Lougheed, 2020; Dolman310
& Laepple, 2018).311
A further implication is that radiocarbon dates used for age-depth modelling may312
require much larger uncertainties than the reported machine errors that are typically used.313
Although they may correctly quantify the uncertainty in the age of the sample, they ig-314
nore the uncertainty in how representative the sample may be of mean age of material315
at the depth from which it was recovered (Heegaard et al., 2005). The size of this effect316
will depend on the bioturbation depth, the sedimentation rate and the sample size. We317
can see this effect for the low sedimentation rate multicore SO213-84-2, for which a se-318
ries of down-core radiocarbon dates were made in each of 3 sub-cores. These replicated319
age-depth series show very little overlap within their reported age-uncertainties (Figure320
6a), despite having been measured on samples of approximately 350 foraminifera each.321
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Figure 6. Replicated down-core radiocarbon age estimates for SO213-84-2. Each down-core
record corresponds to a separate multicore tube or half tube from the same deployment. Age-
uncertainties in subplot (a) are +- 2 times the reported machine error, whereas those in (b)
include the inferred σage between individuals, scaled for samples of 350 individuals.
However, adding the expected uncertainty due to age-heterogeneity brings the three down-322
core age-depth series into much closer agreement (Figure 6b). Radiocarbon dating small-323
n samples, either because the sediment material contains only few foraminifera or to save324
picking and processing time, risks further inflating this additional error. To guide the325
choice of sample size, we have created lookup figures, based on equation 5, for mixing326
depths of 5, 10, 15 and 20 cm (Figure 7, S2). These can be used to get a rapid idea of327
the number of individual foraminifera per sample required to reduce the additional age-328
uncertainty below a desired level, or inversely, given a radiocarbon date we can estimate329
the additional hidden uncertainty from age-heterogeneity from the sedimentation rate330
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Figure 7. A reference chart to obtain estimates of the additional age-uncertainty σage for a
sample measured on a given number of foraminifera, from the sedimentation rate of the core s,
and assuming a bioturbation depth L of 10 cm. Or alternatively, an estimate of the number of
foraminifera per sample needed to reduce σage below a given level. E.g. for a core with s = 5 cm
kyr−1, to get the additional age-uncertainty below 200 years you need at least 100 foraminifera;
if s were 20 cm kyr−1 you would need only 6-7 foraminifera. The σage values of the isolines are
proportional to L, so if a larger, 20 cm, bioturbation depth is suspected, double the isoline val-
ues. Note however, altering the mass of material processed and measured may also influence the
reported instrument error - and the characteristic sizes of different foraminiferal taxa will impose
their own constraints on the number of specimens required.
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4.1 The Physical Mixing Process and Outliers333
The concept of a bioturbation depth is an obvious simplification; however, as the334
age-heterogeneity is related to the sedimentation rate regardless of the precise mixing335
process (Matisoff, 1982), the specific mixing model assumed is not particularly impor-336
tant for the main conclusions here. We can still however question the extent to which337
our measured radiocarbon dates are consistent with the Berger and Heath (1968) mix-338
ing model. In contrast to Lougheed et al. (2018), who estimated that around 10% of their339
foraminifera had ages inconsistent with a simple mixing model, we found very few ex-340
treme outlying dates which might be evidence of unusually deep mixing events like Zoophy-341
cos burrows (Küssner et al., 2018). However, as we dated samples containing multiple342
foraminifera, individuals with aberrant ages may be hidden, as every distribution will343
converge towards a Gaussian distribution as the number of individuals increases (Fig-344
ure S3). Therefore it is unclear the extent to which additional disturbance by Zoophy-345
cos, or other deep mixing mechanisms, contribute to the age-heterogeneity we measure.346
The single clear outlier we did obtain was measured on just three individuals, and was347
too young by about 5000 years in a core with sedimentation rate of 2.9 cm kyr−1 (core348
SO213-84-2). This implies a relative displacement of approximately 43.5 cm for one of349
the three foraminifera, which would be consistent with the known size of Zoophycos bur-350
rows (Wetzel & Werner, 1980). Additional displaced individuals hidden inside multi-individual351
measurements would mean that we have overestimated the depth of the well mixed layer.352
The specific form of mixing and its resulting probability distribution of ages does353
have implications for the bias generated by the exponential relationship between age and354
the 14C/12C ratio. We calculated biases for the highly skewed exponential distribution355
resulting from the Berger and Heath (1968) mixing model; less skewed distributions, re-356
sulting for example from incomplete mixing or a smooth transition between the mixed357
layer and the unmixed sediment, will generate a smaller bias. Therefore our bias correc-358
tion which assumes an exponential distribution may be too strong and probably repre-359
sents an upper limit. This bias could potentially be eliminated by dating individual larger360
foraminifera (e.g., Lougheed et al., 2018), which would also remove the issue of hidden361
outliers.362
In principle, ∆14C variations across the water column also cause some apparent363
age-heterogeneity due to differences in the calcification depth of the individual foraminifera.364
However, even assuming a strong ∆14C gradient (0.2 permille change per meter) and a365
highly variable calcification depth (uniform probability of calcifying between 0 and 100366
m), the resulting heterogeneity (σ = 50 years) is small compared to the age-heterogeneity367
found in this study. Over most of the ocean the ∆14C gradient is weaker than this (Key,368
2001), and individual foraminifera may incorporate carbon over a range of depths dur-369
ing their calcification.370
4.2 Practical Considerations When Applying This Method371
We have demonstrated the use of small-n radiocarbon measurements to estimate372
site and core-depth specific bioturbational mixing. This knowledge is especially impor-373
tant when a high-resolution analysis or the analysis of individual foraminifera (IFA) is374
planned, and it is our hope that bioturbation estimates will become routine in these ap-375
plications. However, there are some practical considerations when applying this method.376
Firstly, the estimation only works if the age-heterogeneity is larger than the mea-377
surement error. For the data presented here, measurement error ranged from about 80378
to 400 years. At sedimentation rates below about 2 cm kyr−1, age-heterogeneity from379
bioturbation will far exceed this measurement error, even for relatively small bioturba-380
tion depths. However, as s rises, the expected age-heterogeneity between individuals (Fig-381
ure 5, dashed lines), or samples (Figure 7, contour lines), falls rapidly. Furthermore, for382
many foraminifera taxa, single specimens cannot be dated, even with MICADAS, and383
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Figure 8. Coefficient of variation for estimates of σage or the implied bioturbation depth L as
a function of the number of dated samples nrep. Dashed lines indicate that for 9 replicated
14C
measurements there would be a 25% uncertainty in the estimated values of σage and L.
so the approach of dating small-n samples has to be used - reducing the signal of age-384
heterogeneity by a factor of nf .385
Secondly, the uncertainty, or standard error (SE), of a standard deviation depends386
on the number of samples measured (Equation 6), hence a sufficient number of small-387
n samples needs to be measured in order to get a reliable estimate of σind, and in turn388
to estimate L with a given precision. For example, with approximately 9 samples, the389
proportional uncertainty (or coefficient of variation) of the standard deviation is approx-390
imately 1/4 (Figure 8), therefore with true bioturbation depths of 10 or 2 cm we would391






An awareness of bioturbation and its potential influence on sedimentary proxy records395
due to the age-heterogeneity it causes is not new (e.g., Schiffelbein, 1985; Andree, 1987;396
Keigwin & Guilderson, 2009; Steiner et al., 2016; Goreau, 1980); however, it has only re-397
cently become possible to directly measure the age-heterogeneity in sediment slices of398
the medium that is radiocarbon dated, e.g. foraminifera. We measured age-heterogeneities399
that imply much deeper mixing than is typically assumed in the paleo-climate literature.400
At the same time, we found that between core variation in age-heterogeneity could largely401
be explained by sedimentation rates, which implies a relatively consistent mixed layer402
depth. It is conceivable that the ”paleo” bioturbation depth is larger and less variable403
than measurements of contemporary bioturbation depths would imply (e.g., Solan et al.,404
2019), as integrated over time, a long period of shallow mixing would be obliterated by405
a subsequent period of deep mixing; where ”long” is relative to the sedimentation rate.406
The availability of small-n radiocarbon dating will allow us to assess how consistent bio-407
turbation depths really are, in addition to obtaining independent estimates of age-heterogeneity408
to aid our interpretation of proxy climate records.409
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